Introduction reproducible and powerfully applicable measure of transcriptional oscillations (Millar et al., 1992) . A second Many studies of neuronal function require the accurate significant application of luciferase reporting has come measurement of transcriptional responses to intra-and from the use of rhythmic bioluminescence as markers extracellular signals. Classical methods requiring the in screens aimed at isolating novel rhythm mutants destruction of tissue to measure steady-state RNA or (Kondo et al., 1994; Millar et al., 1995) . reporter enzyme levels in vitro have significant limitaAll of these cases of cycling bioluminescence have tions for temporal studies owing to noise and reproducso far been limited to measuring the expression of downibility (Wood, 1995) . These problems are exemplified in stream ccgs (Millar et al., 1992 (Millar et al., , 1995 Kondo et al., 1993 ) the study of circadian-regulated gene expression and, in in prokaryotes or plants. We have now extended this particular, the long-term monitoring of genes encoding approach to a cyclically expressed clock gene in the components of the circadian clock. To investigate the head of a living animal. We fused the per promoter region viability of measuring neuronal transcription in a living to firefly luciferase to generate a noninvasive transcriporganism, we chose to examine circadian-regulated tional marker for live animals. Monitoring glow cycles in transcription of the Drosophila period (per) gene. The the resulting transgenic flies has addressed the difficult-"clock genes" are beginning to provide an understandies posed above and at the same time revealed preing of the molecular mechanisms that underlie circadian viously undetected (or at least unappreciated) aspects rhythms in several organisms (reviewed by Dunlap, of per-controlled molecular rhythmicity. It also opens the door to a variety of further experiments on the expression of this clock gene and of other factors with *The first two authors contributed equally to this work. An adult per-luc transgenic animal was etherized, immersed in a 1 mM solution of luciferin in water, dried, and imaged for 1 hr with a Hamamatsu VIM camera system. (Inset) A diagrammatic representation of the construct used to generate the transgenic flies. The top portion indicates the construct used, while the bottom portion, diagramming the genomic per region, is included as a size/position reference.
which it may interact and should be broadly applicable Bioluminescent Measurements of Rhythmic per Transcription to the studies of temporally regulated transcription in a large array of experimental systems.
Although the imaging approach is a powerful method, it does not lend itself to high throughput with multiple samples. We therefore developed a novel automated Results system to measure bioluminescence from individual live animals in microtiter wells using a plate-reading scintillaDetection of Luciferase Activity tion counter (see Experimental Procedures). In this in Living Flies assay, flies are monitored for 1 week on media fortified To monitor the rhythmic expression of a clock gene, we with luciferin. Clearly, per-controlled fluctuations of lufused a 5Ј-flanking region cloned from the per locus (cf.
minescence involved a series of readily appreciable Zwiebel et al., 1991; Hardin et al., 1992) to sequences peaks and troughs, as exemplified in Figures 2A, 2C , encoding firefly luciferase (Figure 1, inset) . The only and 2D. A majority of the per ϩ transgenic flies exhibited amino acids encoded by the per-luc fusion gene are rhythmic fluctuations of luciferase ( Figures 2C and 2D ). those of luciferase itself. Topical administration of subNotably, molecular rhythms were recorded from single strate to the animals led to easily detectable bioluminesanimals, a process that had not previously been succence, especially for the head of the fly (Figure 1 ). There cessful. Rhythmicity was seen in each of six examined were weak signals emanating from the thorax and abdostrains that all carried the same transgene, deliberately men, although 1 hr of signal capturing was required for mobilized to various genomic locations to control for these to be perceptible (compared with a few minutes genomic position effects. Period values analytically defor the glowing head). The signals were not different between males and females (data not shown).
termined were close to 24 hr for the per ϩ background animal record, which led to average values consistent with what one observes in the plotted averages (data not shown). When two of the per-luc transgenic strains were placed in a per 01 genetic background, the vast majority of the resulting time courses (93%; data not shown) did not appear to be circadianly rhythmic in either individual or population time courses (Figures 2B-2D ). This shows that the clock does indeed control fluctuating bioluminescence levels in these transgenic flies.
An unexpected result from luciferase reporting was the presence of a secondary luminescence peak in many of the flies (Figures 2A, 2C, and 2D ). This does not appear in previous reports of either PER mRNA or PER protein time courses (Hardin et al., 1990 (Hardin et al., , 1992 Zwiebel et al., 1991; Edery et al., 1994) . In LD, this novel, low amplitude peak occurred after the onset of light.
This secondary maximum of luciferase activity in the morning does not seem to reflect a simple response to lights-on. In constant darkness, secondary maxima were seen in many of the individual DD records ( Figure  2D ). Also, hsp-luc flies were monitored in DD to address the possible non-per-driven fluctuations in bioluminescence. The constitutive basal (non-heat shocked) level of heat shock promoter activity was still sufficient to drive luciferase levels 5-10 times above background. In both these flies and the per 01 ; per-luc lines, virtually no overt rhythms were seen, let alone secondary peaks around the time of lights-on ( Figure 2B ). This indicates that the novel peak reflects per transcription rather than other physiological rhythms, such as increased luciferin uptake associated with feeding rhythms.
In most of the luminescence monitoring, it was noted that the average luminescence levels exhibit a steady decline over the course of a week. This is most readily observable in the averaged plots ( Figures 2C and 2D ). The problem is apparently one of substrate depletion, to fresh luciferin-fortified food (data not shown). Also, Note the clear main peak occurring in the dark period, followed by a minor peak in the light period.
it should be noted that the internal glow of the flies was ; per-luc (n ϭ 87) averaged to the arrhythmic behavior seen in flies exposed to conpopulations were monitored in LD cycles. Much of the noise associstant light (Konopka et al., 1989 tect the low amplitude secondary peak in per gene transcription at the level of mRNA, we performed a large number of mRNA extractions and RNase protection under both 12 hr light/12 hr dark (LD) cycles and conassays. In seven out of ten 24 hr protection assays (per stant darkness (DD). Specifically, for those animals exexons 2 and 3 were monitored separately in each of five hibiting a circadian period, 93% of the period values replicates), a secondary peak was seen to some degree were accompanied by 95% confidence intervals that ( Figure 3) ; moreover, a secondary RNA peak was clearly overlapped 24.0 hr (data not shown).
discernible in a few of the RNA time courses (Figure 3 , The regular peaks and troughs occurring within each inset). day in per ϩ populations implies that the individuals are The mRNA experiments revealed a relatively early rise in synchrony with each other in LD or DD conditions time for the luc transcript and reporter levels in the per ϩ (Figures 2C and 2D) . This was further supported by analytical determination of peak phases for each individual background (Figure 3) . The apparent lag in luciferase siderable advance for both chronobiological and developmental studies using this model system. The ability to monitor transcription noninvasively dramatically reduces the amount of work needed to perform these assays. In a typical luminescence experiment, 288 flies are monitored hourly for 1 week. The equivalent quantity of data gathered from RNase protection experiments would involve running 48,348 individual protection reactions, with the sacrifice of approximately 2.5 million flies. Our method also allows transcription to be measured for the first time in single flies ( Figure 2A ). RNase protection has never been successfully performed on single animals, and even if it was successful, it would still not be able to detect transcriptional rhythms in a single in the body of the animal (Hardin, 1994) , which could potentially mask head rhythms running in such condiactivity relative to the mRNA coding for it is a straightfortions. However, the absence of substantial luminesward reflection of the half-life of active enzyme in percence signal from per-expressing posterior portions of expressing cells. As has been demonstrated previously the animal allays this fear, in addition to allowing rhyth-(Wood, 1995), longer half-lives of reporter activity lead micity to be monitored from both males and females. to greater lags and damping of amplitude relative to that An issue concerning PER mRNA stability is the low observed for the mRNA. This is due to the relative rates abundance of the endogenous PER 01 mRNA in this geof synthesis and decay. The former cycles empirically.
netic background (cf. Sehgal et al., 1994) . Our results Assuming that the luciferase activity decays at a conindicate that the nonsense mutation leads to an artistant rate (Wood, 1995), a lag, or apparent phase shift, factually low level of PER 01 mRNA, as the LUC RNA and is generated in the pattern of reporter activity relative luminescence reports high transcription of the per-luc to mRNA. This is because, when the RNA levels are transgene in the per 01 background. Lower than normal decreasing, reporter activity takes more time to be mRNA levels have been reported in numerous cases cleared from the cells. Similarly, when reporter RNA is involving nontranslated unstable mRNAs derived from on the increase, then reporter-enzyme activity cannot nonsense mutations in a given gene (e.g., Losson and begin rising until the (cyclic) rate of synthesis of enzyme Lacroute, 1979; Washburn and O'Tousa, 1992) . In particovercomes its rate of degradation. The amplitude assoular, the premature stop within the per 01 -encoded tranciated with luciferase mRNA cycling in experiments on script is located relatively close to the initiation codon the current transgenics (Figure 3 ) is nominally greater (Yu et al., 1987) , which could result in an artificially unstathan that for the enzyme-level cyclings, which are about ble message. This indicates that the feedback inhibition 3-to 4-fold (Figure 2 ). The reduced amplitude and phase model has been unnecessarily complicated (Hardin et lag of the luciferase reporter system can be explained al., 1990; Sehgal et al., 1994) by misleading RNA assays. on kinetic grounds. We have applied simple models inPerhaps the most provocative insight derived from volving temporal fluctuations of reporter activity (cf.
real-time monitoring of per-luc flies concerns the extra Wood, 1995) to provide an estimate of apparent luciferpeak of reported per gene expression that occurs each ase half-life in terms of the current experiments on Droday (Figures 2A, 2C , and 2D; Figure 3 ). We observed sophila, which indicated a half-life of 2-4 hr for luciferase that the secondary peak of per-promoted luminescence, activity in this insect. Such an estimate is a rough apwhich occurs in the morning (or subjective morning in proximation, as we cannot exclude the possibility that DD) within many of the diurnal and circadian cycles, is the decay of the reporter enzyme is subjected to some likely to reflect the weak mRNA peaks found in several form of temporal regulation in these cells. In any case, of our protection assays. The phase-lead for the putative the rather short half-life estimate for luciferase in DromRNA peaklet is as expected (see the kinetic arguments sophila (at least in per-expressing cells) concurs with presented above). Moreover, these early daytime peaks previous studies of that expression of the reporter in of luciferase activity were observed in a consistent manplant seedlings and mammalian cell cultures (reviewed ner and were not merely driven by lights-on. The diffiby Kay, 1993; Wood, 1995) . culty in detecting the secondary peak on a consistent basis in RNA assays is a direct consequence of the Discussion limitations of this method in terms of noise, sensitivity, and the ability to monitor individual animals. Furthermore, the secondary peak is not seen in per ; per-luc animals, suggesting that it is not artifactual. The phase shift between PER and LUC mRNAs regulated transcription in Drosophila represents a con-is to be expected based on differential stability. Indeed, Plautz et al., 1996) have so far involved reporters such as green fluorescent protein and lacZ, whose long halfwhen the luc cDNA is fused to a larger fragment of per, the apparent phase shift is abolished, but secondary lives might not allow a determination of when transcription is turned off (Wood, 1995) . Luciferase does not peaks are still observed (R. S. and J. C. H., unpublished data).
present this problem and moreover allows for a numerically based determination of transcription concomitant Taken together, these findings suggest that the negative feedback model in which PER controls its own rhythwith several other phenotypes that can be monitored during the course of the development of an organism. micity (e.g., Hardin et al., 1992; toperiod toward the limits of the flies entrainment, will 1991; Hardin et al., 1992) fused to a 2.7 kb fragment containing a enable us to develop and test a more accurate model. luciferase-encoding cDNA (Lockett et al., 1992) . The per-luc fusion was cloned into CaspR2 for the final transformation vector. y w flies were transformed using standard procedures. Two of the original transformed individuals were used to derive, by standard P element Wider Applications of per-luc mobilization crosses (Robertson et al., 1988 ), the most heavily tested
Luminescent Measurements
strains. The transgenes present in these two lines were genetically
The ability to carry out long-term assays of per transcripmapped to chromosome 2. These inserts were rendered homozytion will also be important in experiments designed sysgous, yielding the final strains. Additional transformed strains were tematically to alter the rhythms of the fly in cases of generated from other isolates.
clock-resetting stimuli that are able to delay or advance the phase of the pacemaker (e.g., Edery et al., 1994) .
Automated Luminescence Monitoring
Flies considered in this analysis were collected under CO 2 and aged Once the initial phase of the molecular rhythm is well as adults for 2-4 days under a 12 hr/12 hr LD cycle before being established over several days of luminescence monitorplaced in an assay plate. Assay plates were prepared by filling each ing, then the effects of light or temperature pulses on well of a black 96-well microtiter plate (Dynatech MicroFLUOR) half per expression can be assessed with respect to both full (200 l) with 1.5% agar topped by 100 l of fly food (Carpenter, immediate effects and the time required to established maker mechanisms.
The clock cannot be fully understood by studying per
Analysis of Luminescence Data
Automatic period extraction was performed on 96 timepoints per alone (cf. Sehgal et al., 1994 experiments. Liu et al. (1995) have exploited this strata modifed Gauss-Newton minimization algorithm (Johnson and Fra- egy, including application of bacterial luciferase re- sier, 1985; Straume et al., 1991; Johnson and Faunt, 1992) .
porting, to identify many putative ccgs in cyanobacteria.
A general feature we have established is that lucifermRNA Time Courses ase has a rather short half-life in the fruit fly. This should
RNase protection experiments were performed by first exposing permit application of the firefly-derived reporter for flies to 12 hr/12 hr LD cycles (at 25ЊC) for at least 96 hr. Heads were separated from the bodies of the flies and RNA was extracted from tracking the temporal dynamics of Drosophila gene ex-30-50 heads per timepoint, as described by Lorenz et al. (1989) .
pressions in a variety of contexts. Luciferase reporting
The luciferase antisense RNA probe was generated from a 1317 bp is beginning to be applied to developmental and cellluc cDNA fragment and protects a 186 nt fragment of LUC RNA.
biological studies in other organisms (e.g., Thompson
The per 2/3 probe (Hardin et al., 1990) protects 259 nt from exon 3 et al. , 1995; Rutter et al., 1995) . In Drosophila, however, and 134 nt from exon 2 of per. As a control for equal RNA loading noninvasive methods for the detection of gene expresin each lane, an antisense ribosomal protein probe (rp49) was included in each RNase protection assay (Hardin et al., 1990) . RNA sion in developing tissues (e.g., Wright and Zhong, 1995;
